Eyelashes are ubiquitous, although their function has long remained a mystery. In this study, we elucidate the aerodynamic benefits of eyelashes. Through anatomical measurements, we find that 22 species of mammals possess eyelashes of a length one-third the eye width. Wind tunnel experiments confirm that this optimal eyelash length reduces both deposition of airborne particles and evaporation of the tear film by a factor of two. Using scaling theory, we find this optimum arises because of the incoming flow's interactions with both the eye and eyelashes. Short eyelashes create a stagnation zone above the ocular surface that thickens the boundary layer, causing shear stress to decrease with increasing eyelash length. Long eyelashes channel flow towards the ocular surface, causing shear stress to increase with increasing eyelash length. These competing effects result in a minimum shear stress for intermediate eyelash lengths. This design may be employed in creating eyelash-inspired protection for optical sensors.
Introduction
The eye is exposed, making it vulnerable to viral, bacterial, fungal and parasitic infections and their associated medical conditions. One of the most common is allergic conjunctivitis, or 'pink eye', which chronically affects up to 40% of the general population [1] . Pink eye is contracted by an assortment of airborne particles like pollen, animal dander, dust mites or droplets spread through sneezing and coughing. It is commonly believed that the eye's only line of defence is its sophisticated tear duct system which provides a thin composite layer of mucus, oil and water to lubricate the eyelid, hydrate the cornea and remove particles deposited onto the eye [2] . Beyond this system, however, little is known of the eye's other forms of protection such as the eyelashes.
Eyelashes, shown in figure 1a-c, are an array of bristles located at the circumference of the eye. There are many theories for the purpose of eyelashes. They are speculated to act as 'dust catchers' to protect the eye from dust falling from above [3] . Others suggest they act as sensors, similar to rat whiskers. Triggering the eyelashes or fur surrounding the eye causes the eyes to blink, protecting against nearby foreign objects [4] . In humans, eyelashes are suggested to help draw attention to the eyes and enable communication of expression [5] . In hornbills, lash-like feathers surround their eye and help shield the eye from sunlight [6] .
A number of intriguing medical studies suggest that eyelashes can prevent the transfer of infection and allergens to the eye, although a clear mechanism does not exist. According to the American Optometric Association, the medical ailments alopecia and madarosis, or the lack of eyelashes, have been correlated with higher rates of infection of the eye [7] . One study found that growth of eyelashes occurs in response to exposure to allergens. Children with allergies have 10% longer and denser lashes than those without allergies [8] . This response arises from allergens triggering mast cells within the inside of the eyelid to release prostaglandins that promote hair growth [8, 9] , which presumably protects the eye. A missing link within this picture is the mechanism by which longer lashes reduce particle deposition.
In this study, we investigate how eyelashes affect incoming airflows. We use a range of approaches, presented in §2, including comparative anatomy, wind tunnel testing, and aerodynamic theory and numerical simulation. In §3, we & 2015 The Author(s) Published by the Royal Society. All rights reserved. present our results from these investigations. In §4, we discuss implications of our work and in §5 suggest directions for future research.
Material and methods

Wind tunnel experiments
We design and build a small wind tunnel, shown in figure 2a, capable of re-creating flows around the eye. The wind tunnel consists of a DC-powered computer fan pushing air through a diffuser followed by a laminarizer, settling chamber, nozzle and lastly the testing chamber, consisting of a cylindrical duct with a diameter of 100 mm. The flow around the eye is characterized by the ratio of inertial to viscous forces, or the Reynolds number, defined as Re ¼ UW/n, where U is the air velocity, W is the eye width and n is the kinematic viscosity of air. We set out airflow velocity such that Re ¼ 500 -1000, which, as will be discussed in §3.1, is within the range of Reynolds numbers experienced by the eyes of animals.
We also build mimics of the mammalian eye, figure 2a, to be tested in the wind tunnel. The eye mimic consists of an aluminium dish of depth 4 mm and diameter W ¼ 20 mm, comparable to that of an adult human eye. The eye mimic sits atop a circular acrylic plate with diameter D ¼ 40 mm that imitates the rest of the animal's face. Acrylic annuli are stacked around the eye, making the 'face' flush with the rim of the aluminium dish. We use a series of eyelash-mimics including mesh and commercially available eyelashes. Commercially available eyelashes made with human hair produce similar results to our eyelash mesh. As mesh is easier to fabricate, we use it in our study. If eyelashes are curved, their length is given by their vertical height rather than their arclength.
Measuring evaporation
The eye is placed in the testing chamber atop a 10 -5 g precision scale (Mettler Toledo NewClassic MF, Model MS205DU), with the eye facing the incoming flow. We fill the aluminium dish with water to simulate the eye surface covered with the tear film. A computer connected to the scale takes automated mass readings every 10 s during a trial of 10 min, resulting in 60 total readings per trial. Average evaporation rate is found using least-squares linear regression.
Trials are run without any airflow to find the control rate of water evaporation, 4.8 mg s 21 . This value is subtracted from our measured evaporation rates to ensure the rates reported result exclusively from the incident flow. The trials were run indoors over a series of weeks in the summer of 2012 in a room of temperature T ¼ 21.5 + 0.58C and relative humidity at RH ¼ 46 + 2%. The small variance in temperature and humidity allowed for accurate measurements of evaporation rate.
Measuring particle deposition
We seed the incoming flow from the fan with the outflow of a commercial humidifier. The wind tunnel pushes air of density 1.16 kg m -3 and volumetric flow rate 3.14 Â 10 -3 m 3 s -1 into the wind tunnel; the humidifier generates a volumetric flow rate of 2.07 Â 10 -8 m 3 s -1 . This volumetric flow rate corresponds to a flow of 3.95 Â 10 7 drops per second as the humidifier produces drops with a diameter of 10 mm. Because of the negligible volumetric flow rate provided by the humidifier, the mass flow rate striking the sample is 3.14 Â 10 -3 m 3 s -1
, with a water drop concentration of 12.6 drops mm 23 , or a very heavy fog [10] . This particle-laden flow is injected into the air stream through the air-guiding duct of the wind tunnel. The aluminium dish previously used to mimic the eye surface is reversed in order to expose the bottom surface of the dish to the incoming flow. A circular disc made of absorbent paper is taped to the surface to intercept the incoming flow of drops. The 10-mm diameter drops generated by the humidifier are composed of a caracinwater mixture with a ratio of 0.3 g of caracin to 2 l of water. Upon illumination by UV light and viewing through a UV light filter, the drops fluoresce.
The eye mimic is photographed with a camera (Canon 50D DSLR, 65 mm macro lens) before and after wind tunnel testing. Three trials of 10 min each were conducted for each eyelash length (L ¼ L=W ¼ 0:0, 0.1, 0.2, 0.4 and 0.8). We use MATLAB image analysis toolbox to measure green spectrum intensity I of the photographs, examples of which are given in figure 2b. Photographs are imported into MATLAB and converted to matrices of RGB intensities at each pixel position. The green intensities I i are averaged across N number of pixels of the mimic area, yielding an average intensity I ¼ P N i¼1 I i =N. We report intensity I(t, L) as a function of both time t, in minutes, and eyelash length L using the notation I(t, L). The change in intensity over the experiment may be written as
We record the change in intensity given by equation (2.1) for various eyelash lengths. This change in intensity represents the number of deposited particles. To find the relationship between intensity and number of drops deposited, the lashless mimic is exposed to the particleladen flow for various durations. Photographs are taken at t ¼ 0, 2, 5, 7 and 10 min. Deposited drops with diameters of 10 mm are counted for five different 1-mm 2 areas on the eye mimic. The change in intensity, defined as DI(t, 0) ¼ I(t, 0) 2 I(0, 0), is measured and correlated to the number of drops n per unit mm 2 . The number of drops n increase with green intensity DI, indicating green intensity provides a metric for measuring the concentration of drops deposited onto the eye mimic.
In comparing intensities across eyelash lengths, we normalize with respect to our control experiment, an eye with no lashes
Modelling flow around eyelashes
We may investigate the airflow surrounding eyelashes by considering the velocity distribution of fluid striking an infinite plane, shown in figure 3a , also known as the potential flow solution for axisymmetric stagnation point flow. This is a classical solution in the field of fluid mechanics, but for completeness we present it here. Details of the solution may be found in Panton [11] and Schlichting [12] . This solution assumes the flow is inviscid. As the boundary layer thickness for viscous axisymmetric stagnation point flow is on the order L/W 0.10 [12] , eyelashes protrude well above the boundary layer on the eye. Therefore, the assumption of inviscid flow is valid for our investigation into the flow above eyelashes.
We consider cylindrical coordinates for which the velocity field is given by u ¼ (u r , u u , u z ). For steady, incompressible flow with rotational symmetry such that u u ¼ 0, conservation of mass may be written: @u r /@r þ u r /r þ @u z /@z ¼ 0. We solve this equation using two boundary conditions. Fluid cannot penetrate the eye surface: u z ¼ 0 for z ¼ 0. Symmetry also dictates that u r ¼ 0 for r ¼ 0. The velocity field that satisfies these requirements, which can be found in Schlichting [12] , is
where a is a real constant found to be a ¼ 5.7 s 21 using our numerical methods to find the radial velocity u r as a function of radial position r. As lashes increase in length, the vertical velocity magnitude of the flow entering the eyelash array increases according to ju z (L)j ¼ 2aL.
Modelling flow at eye surface
For the airflow close to the eye surface, viscosity dominates and a boundary layer is formed. Unlike the flow above the eyelashes, the flow inside the boundary layer cannot be treated as inviscid. This is another classical solution in the field of fluid mechanics, which was first reported by Hiemenz [13] . For completeness, we will present it here, following Schlichting [12] . In order to model the flow, we choose our domain to be inside the boundary layer, where z ¼ 0 at the eye surface and z ¼ 1 at the upper bound of the boundary layer where the flow velocity follows potential flow theory, equation (2.3). For the viscous boundary layer in axisymmetric stagnation point flow mass conservation: @u r /@r þ u r /r þ @u z /@z ¼ 0, and momentum conservation in r
give the governing equations for the flow dynamics [12] . Here, n is the kinematic viscosity of air and r its density. We solve these two equations using three boundary conditions. Fluid cannot penetrate the eye surface: u z ¼ 0 for z ¼ 0. As the flow is viscous, there is zero radial velocity at the eye surface: u r ¼ 0 for z ¼ 0 (no-slip). At the upper bound of the boundary layer, the radial velocity is equal to the free stream potential flow velocity: u r ¼ ar for z ¼ 1.
In order to solve these governing equations, the following forms of the velocity and pressure profiles are assumed:
Here, F(z) is a function dictating the variation in pressure P as a function of the distance z away from the eye, and P 0 is the ambient pressure. For our purposes, the function F(z) does not need to be determined as we are only interested in the velocity field, u r and u z . This assumed form satisfies mass conservation and leads to the following differential equation for momentum conservation, f 02 2 2ff 00 ¼ a 2 þ nf 000 . The boundary conditions are:
A similarity transformation to remove the constants in the governing equations is:
. This transformation yields the following differential equation for u: u 000 þ 2uu 00 2 u 0 2 þ 1 ¼ 0, with the boundary conditions:
This equation is solved numerically using MATLAB. Physically, u can be interpreted as the dimensionless streamfunction [12] .
Modelling flow through eyelashes
To investigate flow through the eyelashes, we model the lashes as a linear array of cylinders [14, 15] . Using a method first proposed by Keller [14] , the pressure drop across the array can be simplified to that between a pair of cylinders of diameter d and centreto-centre spacing S. We consider two-dimensional flow in the x-direction, as shown in figure 3b . The gap between the cylinders can be written as twice the height h( rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20141294
In the limit that the local Reynolds number
where U is the incoming air velocity and n is the kinematic viscosity of air, we may apply Stokes' law. For flow between lashes, the fluid velocity follows a parabolic profile similar to that between two parallel plates, or u(
. Here, P x is the pressure gradient in the x-direction and m is the dynamic viscosity of air. The volumetric flow rate per unit length of the lashes is q ¼ Ð h Àh u dy ¼ À2h 3 P x =(3m). Solving for P x yields an expression for the pressure gradient:
. From this expression, we can find the pressure drop across the gap as:
we use asymptotic expansion to first order to obtain
. We may make two further simplifications. The flow velocity U 2 through the lash array is given by q ¼ (S 2 d )U 2 . The pressure drop across the gap is equal to the pressure drop across the entire eyelash array:
Numerical methods
We employ a lattice Boltzmann model (LBM) [16] [17] [18] [19] to examine the interactions between eyelashes, the ocular surface and the viscous flow. The LBM is a mesoscale computational model for simulating hydrodynamic flows governed by the Navier-Stokes equations. The method is based on the time integration of a discretized Boltzmann equation
for a particle distribution function g. Here, c i is the fluid particles' velocity in the direction i at a lattice node r at time t, Dt is the time step and V is the collision operator accounting for the change in g due to instantaneous collisions at the lattice nodes. The moments of the distribution function are used to calculate fluid density r a ¼ P i g i , the momentum density j¼ P i c i g i and the stresses P¼ P i c i c i g i . We use a three-dimensional 19-velocity model (3D19Q) defined on a simple cubic lattice and a multiple-relaxation-time collision operator [18] .
The simulations are conducted in a rectangular computational box. Due to the axisymmetric flow nature, only a quarter of region around the eye is simulated. The box has dimensions 2.5 W Â 2.5 W in the horizontal plane and 7 W in the vertical z-direction. The computational domain is discretized by 180 Â 180 Â 504 nodes on a uniform Cartesian grid. Symmetric boundary conditions are used in the horizontal direction and a uniform flow is imposed at top boundary. The eye and face are modelled as concentric flat discs with diameters of D and W, respectively.
We limit our simulations to the values of the laminar Reynolds number Re ¼ UW/n below 500. In this case, the local Reynolds number that characterizes the flow around the eyelashes, Re d ¼ Ud/n, is less than one. We model each eyelash in our simulations as a sequence of static beads that are uniformly distributed along its length L and experience a drag force. Here, we neglect the effect of eyelash flexibility on the emerging fluid flow. Frictional force in the form of F f ¼ 2ju f is used to account for the effect of eyelashes on the flowing air [20, 21] . Here, u f is the local fluid velocity and j is the drag coefficient [22] . The frictional force is distributed to LBM nodes surrounding the beads constituting the eyelash using a delta function [23] . Interpolated bounce-back rule is used to impose a no-slip and no-penetration boundary conditions at the ocular surface [24] .
The effective radius of eyelash and the spacing s between the beads in each eyelash are determined based on simulations of a flow passing through an infinitely long cylinder that were compared to Lamb's solution [25] . This solution agrees with experimental data up to a Reynolds number of Re d ¼ 1 [26, 27] . We find that by tuning the ratio of eyelash diameter and the spacing between the beads s/d, the drag coefficients obtained in these simulations were within 5% error compared with Lamb's solution. In our simulations with different eye Reynolds numbers Re, we measure the average Reynolds number of an eyelash Re d and set the spacing s/d to minimize the simulation error. Specifically, for
We have previously extensively validated LBM and applied it to study flows near solid surfaces covered with hair-like filaments in the limit of small Reynolds numbers [28 -31] . We have also used the model to simulate flows with finite Reynolds numbers near moving surfaces and particles [32 -35] . Additionally, we verified that the domain size used in our simulations is sufficiently large and that its boundaries do not affect the flow around the eye. To this end, we increased the domain size by 1.5 times in all three directions. The results of this validation simulation showed that the increased domain size has a negligible effect on the flow near the eye. To examine the effect of grid resolution on the solution accuracy, we increased the grid density by 1.5 times. We found that the increased grid resolution practically does not affect the velocity field near the eye, as shown in electronic supplementary material, figure S1 . Furthermore, we checked that the increased grid resolution does not affect the optimal eyelash length. 
Anatomical measurements
We begin with characterizing the dynamical regime of eyelashes so that we can match our experiments to that of live mammals, like those shown in figure 4a. The mammalian eye has width W and the lashes have length L, diameter d and centre-to-centre spacing S, as shown in figure 1d,e. The animal walks forward at speed U through air with kinematic viscosity n. By Buckingham's theorem [36] , the system is characterized by three dimensionless groups
The walking speed U is found in the literature for 12 species of animals [37 -44] . The walking speed of animals ranges from 0.05 m s -1 for the hedgehog to 6.5 m s -1 for the red kangaroo. The Reynolds number Re ¼ UW/n ranges from 10 to 12 000 for the animal eyes depicted in figure 4b . A more common dimensionless number can be derived from the dimensionless centre-to-centre gap S/d. We can define the porosity f ¼ 1 2 d/S as the ratio of void area to total area, a common parameter used in the filtration and porous flow literature. From now on, the porosity f will be used as the third dimensionless number, in place of the dimensionless gap S/d.
We use macro-photography to measure the eyelashes of 22 species of mammals, found among preserved pelts and heads at the American Museum of Natural History in New York City, NY and Broderick Head Taxidermy in Roopville, GA. Figure 4a shows representatives of mammals with eyelashes and demonstrates the consistency in morphological form across the otherwise phylogenetically diverse mammalian where the goodness of the least-squares fit is R 2 ¼ 0.69 based on the following definition of coefficient of determination [45] : 2 , where L i is the measured eyelash length data for the ith animal,L i is the predicted eyelash length following equation (3.2) for the ith animal and L ave is the mean measured eyelash length. The fit is fair, considering the animals span a wide range of genetic heritage and over four orders of magnitude in weight from the Amur hedgehog to the giraffe. The 95% CI for the linear regression is represented by the dashed curves in figure 4b and spans the range L/W ¼ 0.3-0.4. The variability in dimensionless eyelash length L/W seems substantial, but is low compared with that found in previous studies of animal body hair. Dickerson et al. [10] showed there is in fact no clear relationship between body hair length and body mass for mammals. We can thus conclude that eyelash length has been tuned by evolutionary pressures far stronger than those for body hair.
Eyelash spacing does not vary systematically with eye size. For the 22 species of mammals studied, the eyelash density r lash is restricted to r lash ¼ 20260 eyelashes per cm, as shown in figure 5 . This range in eyelash density is comparable to body hair density (3 -10 2 hairs cm 21 ) on the same set of mammals [10] . Both eyelash and body hair density appear to be independent of animal size. The corresponding porosity range for eyelashes is f ¼ 0.38-0.85, according to the definition f ¼ 1 2 r lash d, where f is the porosity representing the ratio of void area to total area for the wall of eyelashes, r lash ¼ S 21 is the number of eyelashes per unit length, and d is eyelash diameter, reported in the electronic supplementary material. We employ this range of porosities in our experiments and simulations. The 22 mammalian species studied are phylogenetically diverse, spanning 12 orders within the class Mammalia as shown in the phylogenetic tree in figure 6a. Using the phylogenetic data for mammals from Bininda-Emonds et al. [46] , we conduct a statistical analysis using the method of independent contrasts (IC) to determine if the trends found through anatomical measurements are significant upon consideration of the proximity of phylogenetic relations between species. This method uses tree structure and time from divergence to take into account relations between animal species and generates statistically independent values representative of the measurable traits of animals [47, 48] . The method of IC assumes character evolution follows Brownian motion [47] .
As shown in the figure 6b, the statistical method of IC, which takes into account mammalian phylogeny (figure 6a), results in a linear relation between the contrasts of length L IC and width W IC with a goodness of fit of R 2 ¼ 0.65. The similarity in goodness of fit with that of the raw data suggests that the relationship between eyelash length L and eye width W is significant.
Scaling theory
In this section, we model the effect of an array of eyelashes on the shear stress t at the ocular surface. The computational domain is shown schematically in figure 7a . Figure 7b -d shows the radial velocity profiles predicted by our model for three cases: no lashes, short lashes and long lashes. The radial velocity profiles u r are given as a function of height z from the eye. The method for determining these profiles is discussed in turn below. When there are no eyelashes present, shown in figure 7b, we may determine the thickness d of the linear boundary layer by using the known solution for viscous stagnation point flow, as outlined by Schlichting [12] and in §2.5. This solution uses the potential flow solution, equation (2.3), as boundary conditions to determine the effects of viscosity on stagnation point flow and determine the shear stress t 0 on the ocular surface when there are no eyelashes present. The shear stress is given by t 0 ¼ m(@u r /@z). Using the similarity transformations in §2.5, we can get an expression for t 0 in terms of the dimensionless streamfunction u, or t 0 ¼ (maW=4) ffiffiffiffiffiffiffi a=n p u 000 (z ¼ 0). The constant u 000 (z ¼ 0) is found numerically following the methods in §2.5 and is also presented in the study of Schlichting [12] .
In order to approximate the boundary layer as linear, we find the linear boundary layer thickness d required to yield the same shear stress t 0 given by the viscous stagnation point theory. For a linear velocity profile, the shear stress t 0 at the eye surface is expressed as t 0 ¼ (mu r (r ¼ W/4))/d. Here, u r (r ¼ W/4) ¼ aW/4 is the average airflow velocity outside of the boundary layer above the ocular surface. This point was selected because it is the velocity at the point halfway between the centre and edge of the eye, given by equation (2.3). Evaluating the radial velocity at r ¼ W/4 will yield the average shear stress t 0 on the ocular surface. Using the expression for t 0 , we can find an expression for the linear boundary layer thickness,
Short eyelashes, such as the optimal lashes, shown in figure 7c, create a stagnation zone just above the eye surface to an amount d þ L, where L is the length of the lashes. This thickening results in a shear stress, t 1 ¼ mu r (r ¼ W/4)/d þ L, at the ocular surface. Substituting for the velocity profile from equation (2.3) and the boundary layer thickness d from equation (3.3), yields an expression for the shear stress t 1 for short lashes, For long lashes, shown in figure 7d , the flow enters the cylindrical volume enclosed by the eyelash array, generating a modified stagnation point flow. We model this modified flow by conserving energy between two points, the flow entering the eyelash array at z ¼ L and the flow exiting the array. These points are used to determine the radial airflow velocity U 2 leaving the eyelash array. The kinetic energy per unit volume entering the volume enclosed by the eyelashes scales as 1=2ru
where r is the air density, and u z (z ¼ L) is the vertical air velocity entering the eyelash array at z ¼ L, following equation (2.3). This incoming air flows over the ocular surface and through the eyelash array. Energy is lost to viscous dissipation via shear stresses on the ocular surface and eyelashes before flowing out of the eyelash array. The shear stress t 2 at the ocular surface is given as t 2 ¼ mU 2 /d, by assuming the boundary layer thickness is equal to that for the case without lashes. The pressure (and energetic) loss DP for flowing through the eyelash array follows lubrication flow theory for flow through a linear array of cylinders [14, 15] , as outlined in §2.6 and equation (2.4) . The kinetic energy of the airflow leaving the eyelash array can be expressed as 1 2 rU 2 2 . The energy balance between the flow entering and leaving the eyelash array yields an expression that can be evaluated to determine the radial airflow velocity U 2 leaving the eyelash array, or
The kinetic energy 1 2 rU 2 2 leaving the eyelash array was found to be negligible compared with the other terms, so the kinetic energy entering the eyelash array is balanced by the shear stress at the eye surface t 2 and the pressure (energetic) loss DP through the eyelash array, or
. Following this expression, we can determine the radial velocity U 2 to be,
. We can then use this velocity to determine the shear stress t 2 at the ocular surface, or
The shear stress for a lash of arbitrary length L is a combination of the two shear stresses t 1 and t 2 . When lashes are short, the term t 1 dominates as t 1 L
21
; conversely, when lashes are long, the term t 2 dominates as t 2 L 2 . By combining these two terms, we get an expression for the shear stress t at the eye surface for a given eyelash length L, or 
Numerical simulation
We use numerical simulations to investigate the velocity field around the eyelashes and compare it to our scaling model. Velocity profiles for our theoretical predictions are given in figure 7b-d and for our numerical results given in figure 7e-g. The streamlines associated with our numerical results are given in figure 7h-j. Only half the flow is shown because streamlines are axisymmetric around the centre of the eye. Figure 7e ,h shows the flow profile and streamlines for an eye with no lashes, typical of sufferers of madarosis. The flow profile is consistent with theoretical solutions for a viscous flow near a stagnation point, where successive streamlines veer horizontally as they approach the eye [12] . The flow profile is parabolic as expected. The slope of the dashed line indicates the inverse of the shear rate _ g À1 at the ocular surface. The shear stress t is proportional to the shear rate _ g following t ¼ m _ g. The presence of lashes alters both the streamlines and the flow profile compared with the baseline case of no lashes. For optimal eyelashes, a stagnation zone created by the eyelashes shields the eye and forces air to travel above instead of penetrating through the eyelashes. This shielding effect is consistent with the shear stress t found through scaling analyses, as shown by the first term in equation (3.6) . The stagnation zone acts to thicken the boundary layer above the ocular surface, and so decrease both shear stress t and shear rate _ g. For instance, in the streamlines for optimal lashes in Herpailurus yaguarondi (jaguarundi)
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Petrodromus rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20141294 figure 7i, we note a 'bump', which corresponds to the incoming flow turning earlier than in the case of no lashes and long lashes.
By comparing the velocity profiles in figure 7e ,f, we see that flow speed near the ocular surface for an optimal eyelash, L/W ¼ 0.2, is half that of an eye without lashes, indicating a thicker boundary layer. This low speed is associated with lower shear rate _ g and shear stress t on the ocular surface. Moreover, when comparing the streamlines, we see that the streamlines close to the eye for optimal lashes are farther apart than those for no lashes and long lashes. The distance between streamlines corresponds to flow rate; closer spaced streamlines signify greater flow rate [11] . The increased flow rate for long lashes is consistent with our scaling theory, which predicts high flow speeds U 2 for longer lashes since U 2 L 2 .
In figure 8b , we see how normalized shear rate _ g varies with eyelash length L/W. Normalized shear rate _ g is the shear rate _ g divided by the shear rate _ g 0 without lashes present. By comparing figure 8a-b, we see qualitatively similar relationships between the shear stress t, equation (3.6), found theoretically, and the shear rate _ g, found numerically. Both shear stress t and shear rate _ g vary nonlinearly with eyelash length, with a minimum value at an intermediate eyelash length L/W % 0.2. using an analytical balance. The speed of the wind tunnel is set to ensure aerodynamic similitude with the laminar flow around the eye of animals walking (Re ¼ 500 -1000). We test three types of eyelash-mimics, those constructed with human hair, wire mesh and impermeable paperboard. Figure 8c shows the relation between eyelash length L/W and normalized evaporation rate _ m, which is the evaporation rate _ m divided by the evaporation rate _ m 0 of a dish without eyelashes. The black points show the evaporation rate for impermeable paperboard with porosity f ¼ 0, similar to a lens shade used to reduce glare in photography. In this case, evaporation rate decreases monotonically with the paperboard height, as expected. While effective in reducing flow, such a lens shade would be of little use to animals because it would obscure vision and be difficult to clean.
The red and blue data points in figure 8c show evaporation rates for the mesh of porosity f ¼ 0.5 subjected to flows of Re ¼ 500 and 1000, respectively. The optimal eyelash length L/W ¼ 0.3 + 0.1 that minimizes evaporation agrees with our measurements of animal eyelashes.
To determine the eyelashes' effect on deposited particles, we attach a commercial humidifier to our wind tunnel to inject fluorescent drops with an average diameter of 10 mm, and so generate a particle-laden flow. An absorbent paper disc is placed on the ocular surface to intercept incoming drops. Figure 2b shows fluorescent drops deposited onto the eye mimic both before and after 10 min of testing. As shown in the inset of figure 8d, higher fluorescence intensity corresponds to a greater number of drops deposited. In addition to reducing evaporation, eyelashes significantly reduce deposition of drops, as shown in figure 8d. An optimal eyelash length of L/W ¼ 0.25 + 0.15 is found, which is consistent with our evaporation results.
The trends found in evaporation and deposition experiments are similar to those found by numerical simulation. The largest Reynolds number we can simulate is 500, which is half of the maximum Reynolds number used in the experiments. For convenience, we choose shear rate _ g, averaged across the eye surface, as the single metric to characterize the flow. This value is indicative of eyelash performance because lower shear rate is associated both with lower particle deposition [49] and reduced evaporation [50] . The curves in figure 8b show the normalized shear rate _ g from simulation for a range of Reynolds number for mediumsized animals, Re ¼ 150-500, and porosities f ¼ 0.5 and 0.8. While the absolute values vary with Reynolds number and porosity, all simulations indicate the presence of an optimal eyelash length at L/W ¼ 0.2, as is consistent with our evaporation rate and deposition experiments.
To determine the universality of the optimal value, we conduct a series of five evaporation experiments and 10 simulations using porosities of f ¼ 0.520.8, and Reynolds numbers Re ¼ 30-1000. Combining these results yields a relation between Reynolds number and optimal eyelash lengths, given in figure 9 . The cyan triangles show the measured dimensionless eyelash lengths for mammals, whereas the red Among the mammals, we observe that the optimal eyelash length is conserved across sizes, from a hedgehog to a giraffe.
Discussion
Eyelashes, previously known as mechanical sensors and sunshades, are shown in this study to act as air filters for the eye. However, they act differently from other filtering systems in the body such as hairs in the nose and airway, which act as ram filters, trapping particles that are impacted into the hairs. One detriment to such systems, as with synthetic HVAC systems, is that they must be cleaned periodically to remove particles and permit air to flow, normally through the act of sneezing. By contrast, eyelashes do not collect particles, but instead redirect flows. When dirty, their flexibility and porosity facilitates cleaning simply by brushing or rinsing with water. Furthermore, their porosity facilitates passage of light, critical to the eye's function. Our simulations show that lower eyelash porosity decreases the magnitude of shear rate; however, the optimal length of lashes remains independent of porosity. A balance between reducing visual obstruction and airflow at the eye surface is likely to result in the range of eyelash densities shown in figure 5 .
Because eyelashes act so differently to typical filters, they may have application in places that are difficult or costly to clean regularly. Applications aimed at reducing dust deposition onto sensitive sensors or solar panels may benefit from strategically placed eyelash-inspired filaments to keep surfaces clean while minimally obscuring light. Photovoltaic solar panels suffer a major problem of particle accumulation, which reduces their efficiency by 6% annually [51] . Currently, transparent electrodynamic coatings are being developed to prevent dust accumulation through the pulsing of electric currents [52 -54] . Dust accumulation is also important for the maintenance of remote-sensing applications, such as for autonomous robots, which cannot be easily accessed once deployed [53, 54] .
Can people use the ideas from this study to prevent infection of the eye? False eyelashes are quite common in the cosmetics industry, but their effect on health is unknown. The human-hair eyelashes, shown in figure 2a, tested in our experiments represent typical false eyelashes used by people to accentuate their eyes. The evaporation rates found from these experiments, represented by the crosses in figure 8a, were higher than expected for such low porosity, f ¼ 0.2. This can be attributed to their curvature, which guides more air towards the eye surface. The increase of air flow at the eye surface caused by the curvature of false eyelashes negates the effects of their low porosity, resulting in evaporation rates comparable to the synthetic mesh with a porosity of f ¼ 0.5, typical for humans. Although we still expect the optimal eyelash length to hold for false eyelashes, their high curvature increases the magnitude of evaporation at the eye surface and so reduces the shielding effect. Thus, wearing curved false eyelashes of low porosity can potentially provide extra protection to the eye and reduce dry eye.
We observed the red kangaroo and giraffe having multiple rows of eyelashes. These two mammal species live in dusty, arid environments, where airborne particle deposition can be substantial. Having multiple rows increases the density r lash of eyelashes, and so decreases their porosity f. From our simulation, we see that a decrease in porosity f results in a decrease in the magnitude of shear stress, causing less airflow to reach the eye surface. Another notable adaptation to dry, dusty environments is the translucent eyelids of camels, used to weather dust storms [55] .
Animals in dusty environments may squint or partially close their eyes in response to wind and dust. Squinting decreases the exposed area of the eye, and so decreases the rate of evaporation. However, it also increases the dimensionless length of the lashes L/W, relatively increasing evaporation and deposition. The competition between these two factors will determine whether squinting is beneficial.
We made a series of geometrical simplifications in our study, which may affect the accuracy of our results. We performed experiments with a flat, circular eye with eyelashes of uniform length. In reality, eyes are three-dimensional with curved surfaces, non-circular openings and eyelashes of varying lengths. However, we expect our results to hold qualitatively because the main attribute affecting flow at the eye surface is the porosity of the eyelash array. In this study, we focused on the eye facing normally to the incoming flow. This configuration is the most dangerous with respect to evaporation and contamination of the eye [50] . As flows outside of this configuration occur regularly in nature, we also investigated the effect of varying flow direction. In particular, we tilted the eye 208 from the normal direction and find that an optimal eyelash length around L/W ¼ 0.2 still exists, but with 50% reduction in protective benefits.
In our analysis, we modelled our airflows according to those experienced by mammals during walking locomotion, for which the aerodynamics are in a laminar flow regime. For running gaits, the global Reynolds number Re ¼ UW/n is in the transition regime so may be considered turbulent. Our experiments, simulations and model are only valid for laminar flow regimes. Birds have also been observed to possess lash-like feathers around their eyes [6] . At the American Museum of Natural History, we measured the 'eyelash' length L and eye opening width W for four different bird species and found that these species did not follow the trend found for mammals, equation (3.2) . Instead, we find that L/W ¼ 0.86 with R 2 ¼ 0.76. The difference in trends may be due to the turbulent flow regime experienced by birds during flight. Eyelash flexibility and curvature have a negligible influence on our results. We perform three simulations using the characteristic radius of curvature of the human eyelash, 0.5L. The results were consistent with those found for straight lashes and were included in the simulation results for figure 9. We also find eyelashes are effectively rigid when exposed to flow associated with the Reynolds number of the anteater, lemur, opossum, chimpanzee, snow leopard, cougar, tapir, wild boar, red kangaroo and wild sheep during their walking gait of locomotion. The ratio of viscous to elastic forces [56] Finally, eyes are dynamic systems that blink, tear and move. Such systems may be used to compensate for the observed variability in eyelash length and density (e.g. figure 4b ). The effects from these active strategies are worth investigating in the context of preventing tear film evaporation and contamination. Experiments involving in vivo measurements of tear film evaporation of mammalian species with variable eyelash lengths may provide insight into the implementation of dynamic mechanisms to protect the eye.
Conclusion
Our study demonstrates that eyelashes divert airflows, acting as a passive dust controlling system for the eyes. They reduce evaporation and particle deposition up to 50%, indicating the evolution of eyelashes may have played a role in reducing the frequency of endogenous blinks, which replenish and clean the tear film [2] . Our experiments show that eyelashes of an intermediate length accrue the greatest benefits in terms of flow reduction and particle deposition. In our simulations, the optimum eyelash length is assessed through shear rate as a proxy for particle deposition and evaporation. This optimum is unique to porous eyelashes, and does not apply for completely impermeable eyelashes, such as paper cylinders. Thus the porosity of surfaces can induce non-intuitive and advantageous flows. Through scaling, we find that the optimum arises because the aerodynamic drag imposed by short eyelashes thickens the boundary layer above the ocular surface, while long lashes channel flow with high kinetic energy towards the ocular surface. As a result, the shear stress at the eye surface scales as the inverse of eyelash length, or t L
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, for short lashes; shear stress scales with eyelash length squared, or t L 2 , for long lashes. The combination of these two competing effects gives rise to an optimum length for eyelashes that minimizes shear stress, shear rate, evaporation and contamination at the ocular surface. We find the optimal eyelash length to be L/W ¼ 0.35 + 0.15, following anatomical measurements, aerodynamic scaling analysis, numerical simulation and wind tunnel experiments.
